Abstract TakoTsubo cardiomyopathy (TCM) is a unique type of reversible cardiomyopathy that is precipitated by a stressful emotional or physical event. The increasing incidence is due to the greater use of emergency coronary angiography, newer cardiac biomarkers together with more sensitive cardiac imaging techniques. Few case reports have documented how TCM can present with malignant arrhythmias such as torsades de pointes caused by the repolarisation abnormalities or QTc prolongation. Although TCM is usually considered a benign reversible condition, its associated arrhythmic risk is increasingly recognised. TCM often presents as an acute coronary syndrome with unobstructed coronary arteries at angiography. In this patient population, cardiac magnetic resonance (CMR) is a useful tool to establish a differential diagnosis, discriminating TCM from acute myocarditis and myocardial infarction with spontaneous recanalisation. CMR is becoming a promising new diagnostic modality in risk stratifying patients with potential higher arrhythmic risk.
Introduction
TakoTsubo cardiomyopathy (TCM) is a unique type of reversible cardiomyopathy that is precipitated by a stressful emotional or physical event. It is estimated that approximately 1-2 % of all patients presenting as acute coronary syndrome have TCM [1] . The increasing incidence is due to the greater use of emergency coronary angiography and advanced cardiac imaging (CMR) and of newer more sensitive cardiac biomarkers. This is a fairly new clinical entity with initial reported cases from Japan in 1990, and the first report emerging from the USA in 1998 [1] .
Whilst the diagnostic criteria of TCM have been validated [2] , the underlying pathophysiological processes still remain unclear. Major psychological stress seems to play a key role in initiating a chain of biological events that cause temporary reductions in myocardial contractility. Catecholamine-mediated myocardial stunning is currently the most favoured hypothesis. It has been shown that patients with this condition have higher concentrations of circulating catecholamines than those with atherosclerotic acute myocardial infarction (MI) [3] . Relative oestrogen deficiency has been investigated as another cause, and interestingly, the condition is more often seen in postmenopausal women. Other proposed mechanisms include ischaemia-mediated stunning due to multi-vessel epicardial or microvascular spasm and myocarditis.
Although the diagnostic criteria are well established, knowledge of the more dangerous implications of TCM still remains to be elucidated. In these high-risk variants with increased arrhythmic risk, CMR offers additional information compared to the traditional diagnostic imaging. In addition to visualising regional wall-motion abnormalities, CMR can also identify reversible and irreversible myocardial damage (myocardial inflammation/oedema and myocardial scarring, respectively). CMR can also delineate the extent of LV dysfunction, LV outflow tract (LVOT) obstruction, any valvular dysfunction and LV thrombus. Some of these findings are directly linked to adverse prognosis.
In the current review, we describe the CMR findings in TCM, specifically focusing on the features that could be related to arrhythmic events and sudden death.
ECG abnormalities and arrhythmias in TCM
TCM can present with various acute electrocardiographic (ECG) changes, the commonest abnormality being STsegment elevation mimicking an ST-elevation myocardial infarction (STEMI) [4] . The time from symptom onset to presentation may account for the significant variability in the frequency of this finding in the published literature [5] . Usually, the ST-elevation is present in the precordial leads, but it may be seen in the inferior or lateral leads. The magnitude of ST-elevation is usually less prominent in TCM than in STEMI [5] ; however, just a 12-lead ECG is insufficient for differentiating TCM from STEMI [6] . Other ECG changes commonly encountered include diffuse and often deep T-wave inversion and prolonged QTc interval. TCM can have four ECG phases: phase 1, initial STsegment elevation immediately after symptom onset; phase 2, initial deep T-wave inversion after resolution of STsegment elevation from day 1 to 3; phase 3, transient improvement in T-wave inversion in the subacute period; and phase 4, a second deeper T-wave inversion which may resolve early or persist beyond 1 year [7] . QTc interval varies according to time, and the most prolonged QTc interval may be observed in phase 2 [7, 8] . Malignant arrhythmias include torsades de pointes (TdP) caused by repolarisation abnormalities and QTc prolongation, which may be seen in up to 8 % of cases [9] . Lethal arrhythmias in the acute phase (phase 1) are seen when the QTc is [500 ms (Fig. 1) . Generally, implantable cardioverter defibrillator (ICD) implantation should be considered in the presence of high-risk factors for long QT syndrome (QTc post-TCM [500 ms, prior syncope, previous cardiac arrest) [10] .
In one meta-analysis, sudden cardiac death (SCD) after TCM has been reported in 1.1 % during the index episode, with a further 0.5 % of patients suffering a SCD weeks to months later [11] .
The study primarily looked at the relationship between TCM and ventricular arrhythmias, reviewing a total 816 published cases. VF was reported in 15 reported cases (prevalence of 1.8 %). VT was reported in 18 (2.2 %), of which four (0.5 %) were specifically reported as sustained VT, and eight (1.1 %) as non-sustained VT. One study with 88 patients (15.6 % of total) did not specify whether six cases of VT were sustained or non-sustained. They concluded that the combined case frequency with VF or sustained VT was 3.4 % (28 of 816 cases).
Ventricular asystole had a prevalence of 0.6 %, often as a mode of presentation. Among these cases, there was only one describing an intermittent asystole developing from complete heart block.
Atrial fibrillation was reported in a cumulative 38 (4.7 % of 816) cases. Sinus node dysfunction was reported in 1.3 % total cases.
Occasionally, malignant types of narrow complex tachycardia like fascicular ventricular tachycardia (VT) can occur in TCM, which may fail to respond to DC cardioversion (Fig. 2 ).
Echocardiography and its limitation in TCM
Among the clinical diagnostic criteria, left ventricular (LV) systolic dysfunction without evidence of coronary obstruction is the essential element for TCM diagnosis. The most common echocardiographic finding is the severe hypokinesia/akinesia of the mid-cavity and apical LV segments, giving the typical appearance of ''apical ballooning''. Although there is echocardiographic evidence of moderate-to-severe LV systolic dysfunction, these patients rarely experience acute heart failure symptoms. Possible explanations include the transitory nature of the condition, preservation of the LV stroke volume due to acute ballooning (dilatation) of the apical segments or perhaps due to compensatory hyper-contractility of the unaffected basal myocardial segments. The mechanisms underlying the cardiac dysfunction in TCM are poorly understood and have not been extensively investigated. Possible factors contributing to this unique apical localisation of TCM is the anatomical structure of the apex without a three-layered myocardial structure (as in the basal and mid-cavity segments); an easy loss of LV apex elasticity after excessive expansion; LV apex as the border zone (locus minoris resistentiae) of the perfusion area of major coronary arteries; a relative delay of functional recovery from global dysfunction [4] .
A recent study by Medeiros et al. [12] compared systolic and diastolic mechanics of TCM compared with left anterior descending artery (LAD) MI and normal controls. LV volumes, diastolic pressures and diastolic stiffness were higher in TCM and LAD MI patients than in control subjects but no different from each other. Moreover, in the TCM group, EF improved from presentation to follow-up from 34.7 ± 10.5 to 60.7 ± 7.4 % and with a reduction in E/E 0 ratio. These data demonstrated that not only TCM is characterised by systolic dysfunction, but LV filling pressure is also increased suggesting LV diastolic impairment. These findings have been recently confirmed by a CMR study showing that diastolic dysfunction, evaluated by peak filling rate and atrial measurements, is persistently impaired in TCM even after systolic recovery [13] . Longitudinal strain and strain rate have also been recently investigated in TCM, demonstrating impairment of both parameters not only during the acute phase but persisting even during follow-up [14, 15] . Echocardiography can sometimes present limitations in the diagnosis of TCM given its intrinsic limitation in fully visualising the apex, and limited detection of the endocardial border from apical trabeculations [16] . This could result in either the overestimation of LV systolic function and stroke volume or underestimation of apical dysfunction. 
CMR findings in TCM
The characteristic mid-cavity to apical regional wall-motion abnormalities (''apical ballooning'') with sparing of the LV basal segments can be picked up by LV angiogram as well as transthoracic echocardiography. The added diagnostic value of CMR is in its (1) high spatial resolution, 3D image acquisition and (2) non-invasive myocardial tissue characterisation.
The former results in a clear detection of cardiac chambers and endocardial contours, whilst the latter allows the detection of myocardial oedema (markedly present in TCM) and myocardial scarring (absent in TCM). The latter represents indeed the main differential diagnostic criteria between TCM and AMI CMR can also provide additional information on the presence of LV apical thrombus, valvular abnormalities and LVOT obstruction. Some of these findings are directly linked to adverse prognosis.
Typically, T2-weighted sequences are used to image myocardial oedema, and it commonly identifies the presence of circumferential oedema of the apical to mid-cavity myocardium (Fig. 3a) matching with the regional wallmotion abnormalities [17] . As myocardial oedema is a transient dynamic phenomenon (normally progressively resolving between 3 and 6 months), it is advisable that the scans need to be carried out within the first few weeks from the acute presentation. The myocardial oedema dissipates without any myocardial scarring and with complete functional recovery [17] . A few studies have shown the presence of subtle late gadolinium enhancement in TCM [18] , but experimental data show that delayed washout of gadolinium may be caused by increased interstitial water content such that associated with transient myocardial oedema, and not just by irreversible myocardial necrosis/fibrosis as observed in AMI [19] . The subtle changes are called myocardial oedema-related late myocardial enhancement, and they do not represent true scarring. The distribution of myocardial oedema matching the wall-motion abnormalities with no or subtle delayed enhancement helps in distinguishing TCM from MI and myocarditis. The exact pathophysiological mechanisms underlying the development of myocardial oedema in TCM remain unclear, but inflammation, increased LV wall stress and/or transient ischaemia (myocardial stunning) appear pivotal.
The clinical spectrum of TCM is considerably broad and a prospective study evaluating a precise CMR pattern related to outcome is lacking. The largest multi-centre study in this field enrolling 239 consecutive patients, reported a moderate-to-severe LV function reduction in all patients associated with myocardial oedema in 81 % of patients with a distinct transmural, mid-ventricular to apical regional distribution pattern matching the distribution of LV dysfunction. On contrary, focal or patchy LGE was detected in 9 % of enrolled subjects. In addition, one-third of patients demonstrated pleural and pericardial effusion particularly those with biventricular ballooning and evidence of myocardial inflammation [20] . During follow-up, four patients died. Another study showed that LGE in the acute phase was associated with acute cardiogenic shock as well as with disease severity and prolonged recovery. However, the signal intensity of LGE was lower than that Fig. 3 a Four-chamber view showing mid-apical oedema in T2-weighted sequences and b no evidence of significant late gadolinium enhancement in T1-weighted inversion recovery post-contrast sequences usually documented in cases of MI or myocarditis [21] . Whilst initially it was believed that lack of LGE was a necessary condition to diagnose TCM and would thus help differentiate it from MI, in the study by Haghi et al. [22] , 88 % of patients showed a patchy type of LGE. In view of these findings, Rolf et al. [23] performed multiple endomyocardial biopsies in sites with and without LGE showing a significantly higher extracellular matrix containing collagen-1 in LGE areas. In another study, Neil et al. [24] found increased T2-weighted signal intensity particularly at the apical cavity in all TCM patients that persisted after 3 months and was inversely related to myocardial strain. In accordance with the above-mentioned data, myocardial oedema on CMR is the only recognised feature in TCM, reflecting acute inflammation and myocardial injury [25] . Nakamori et al. [26] monitored 23 TCM patients. Upon presentation, all subjects experienced wall-motion abnormalities from the mid-ventricular to apical regions of the LV. Myocardial oedema on T2-weighted magnetic resonance imaging was observed in 96 %, and late gadolinium enhancement was observed in 22 %. All instances of LGE were observed in an area that exhibited both wall-motion abnormalities and oedema in a transmural distribution. In TCM, the contrast-to-noise ratio was significantly lower than that of infarcted segments in patients with acute myocardial infarction.
All these data suggest a role of active inflammation, although the precise contribution of myocardial inflammation for LV dysfunction in TCM is still unclear. It remains to be established whether inflammation is a direct cause of the syndrome or a secondary phenomenon due to sympathetic overdrive and/or microvascular ischaemia. The combination of typical regional wall-motion abnormalities, the presence of reversible myocardial injury and the absence of significant irreversible tissue injury are all potential diagnostic criteria, but the evidence of specific finding related to outcome should be prospectively tested. In the absence of studies that specifically report a clear CMR criteria classification, the diagnosis continues to be entirely case dependent and should be individualised in accordance with the patient's characteristics, angiographic findings and hemodynamic requirements at the time of presentation.
Correlating the ECG with CMR
T-wave inversion and QT interval prolongation in typical TCM are caused by an intracardiac gradient (apicobasal) of myocardial oedema which, in turn, gives rise to regional dispersion of action potential durations [27] . Furushima et al. [27] measured the intracardiac repolarisation gradients between the apical and basal sites of the LV in a patient with typical TCM and negative T-waves/QT interval prolongation in leads II, III, aVF and V2-V6 and demonstrated that repolarisation times increased from the basal to the apical sites in both the epicardium and the endocardium. This observation confirms the hypothesis that inverted T-waves seen in TCM are the result of LV dispersion of repolarisation caused by abnormal prolongation of action potentials in the affected myocardial regions. A study by Perazzolo Marra et al. [17] looked at the ECG and CMR findings in 20 consecutive TCM patients. A linear correlation of the apical-basal ratio of T2-weighted signal intensity with ECG repolarisation indices such as negative T-wave magnitude, sum of the amplitudes of negative T-waves and maximum corrected QT interval has been shown. Interestingly, the repolarisation changes were unrelated to either late gadolinium enhancement or quantitative cine parameters.
Other malignant arrhythmias like fascicular VT can also be occasionally encountered in TCM. Increased automaticity or increased catecholaminergic drive with related cytosolic calcium overload rather than a re-entry is the pathophysiologic cause. Hence, the lack of scar in CMR can potentially explain the mechanism of this unique arrhythmia.
Future experimental studies are needed to elucidate the cellular mechanisms responsible for oedema-related action potential changes.
Conclusion
Although TCM is usually considered to be a benign reversible condition, its arrhythmic risk is increasingly recognised. CMR is a promising new diagnostic tool that not only confirms the diagnosis but also help to risk stratify the patients with potential higher arrhythmic risk. Further prospective studies are warranted to demonstrate this hypothesis in a larger scale patients group.
